Geometrical optics is used for design of gradient-index (GRIN) laser beam shapers with the conditions of conservation of energy and constant optical path length for all rays passing through the system. The exact ray intercepts for a Gaussian to top-hat beam transform at the output plane are the ray trace target values used during the optimization process. After constructing a beam shaping merit function, the commercial software ZEMAX has been used to minimize the merit function for a well known two-element plano-aspheric beam shaper to establish the effectiveness of this new beam shaping merit function. Then, this method is used to design of several GRIN laser beam shapers while using ZEMAX's catalog GRADIUM elements from LightPath glass types. The optical component shape and spacing parameters are also used for optimization variables. Both spherical surfaces and conic surfaces of the different elements of the GRIN laser beam shaper are studied. The ZEMAX software was used for performance analysis of the GRIN beam shapers and is discussed.
INTRODUCTION
There are many applications of lasers in technology, lithography, and optical devices which benefit from a uniform beam profile. It is important to study ways to convert a input Gaussian beam into a more uniform output beam. There are reflective, 1-4 refractive, 4-11 and diffractive [12] [13] [14] [15] [16] methods to shaping laser beam profiles. Geometrical optics has been applied to the design of the laser beam shaping systems. The techniques have included the differential equations method and the genetic algorithm (GA) optimization method. 11, [17] [18] [19] [20] [21] In the optimization method, there is no need to solve the differential equations for the optical element surfaces contours of the beam shapers. Rather, the optimization programs locate system parameters, which characterize the beam shaper and which minimizes the beam shaping merit function that incorporates the conditions of conservation of energy and constant optical path length. The genetic algorithm (GA) has been applied to solve the optimization problems when both discrete and continuous parameters are required to define the system. Evans and Shealy 11, 17 have proposed serveral beam shaping merit functions and have used the GA to study two-and three-element GRIN beam shapers. The global optimization method of the commercial software ZEMAX 22 optical design and analysis program includes the GA method along with other methods. Therefore, it is desirable to apply the optimization programs of ZEMAX for design of laser beam shapers.
In this paper, we present a new way to incorporate the conditions of conservation of energy and constant optical path length in the definition of a beam shaping merit function that has been used with ZEMAX 22 optimization methods for design of GRIN beam shapers. In Sect. 2, we derive an expression for the output ray coordinate as a function of the input ray coordinate for a plane wave Gaussian beam transformed into a plane wave top-hat output beam. Then, we define a beam shaping merit function and give a brief describation on the ZEMAX optimization methods that will be used to design laser beam shapers by minimization of the merit function. In Sect. 3, results of using this method to design laser beam shapers are presented and discussed. The ZEMAX software has been applied to analyze the designed systems. Conclusions are given in Sect. 4. 
DESIGN METHOD
This section describes a method for design of laser beam shapers by minimizing a beam shaping merit function. First, the conservation of energy condition is used to evaluate a relationship between the input and output ray coordinates. Then, a beam shaping merit function is defined. This merit function includes the conditions of conservation of energy and constant optical path for all rays passing through the system. Finally, the optimization methods of ZEMAX are briefly discussed.
Application of Conservation of Energy
For a lossless laser beam shaping system, the total energy of the input beam is mapped into the output beam. Figure 1 illustrates the components of a laser beam shaping system. In a rotationally symmetric optical system, a group of rays with irradiance I in (r) passing through the optical system has the following total energy at the input plane
where da is the differential area on the input plane. The total energy over the output plane is given by
where I out (R) and dA are the irradiance and differential area at the output plane, respectively.
To satisfy conservation of energy for the beam transform performed by the laser beam shaper, the input energy E in must be equal to the output energy E out . For an input Gaussion beam, the beam profile is given by
where r is the radial distance from the optical axis, and 2r 0 is the diameter of the Gaussian beam waist. For a lossless transformation of a Gaussian beam into an uniform irradiance output beam, the conservation of energy condition requires
where r and R are the radial distances at the input and output planes, r max and R max are the corresponding maximum ray coordinates, and C is the constant output irradiance. Evaluating the integrals and solving for C leads to
Then, to find the relationship between the output ray coordinate R and the input ray coordinate r, apply the conservation of energy condition with variable upper limits
Integrating and solving for R gives
This gives the theoretical ray height R(r) on the output plane for a specific incident ray of radius r at the input plane for which energy is conserved by the beam transform. The expression for R(r) will be useful when defining the beam shaping merit function in Sect. 2.2.
Merit Function
After applying the conservation of energy condition to obtain the output plane ray intercept for a particular incident ray, the condition for constant optical path implies that for a collimated incident beam along z-axis the output rays will also be collimated along the z-direction. Therefore, the theoretical output plane ray intercept will be equal to the ray intercept on the optical surface just before the output plane. By putting these considerations into the definition of the beam shaping merit function, then the optimization process of laser beam shaping optics will lead to systems which satisfy the beam shaping equations of conservation of energy and constant optical path length condition.
Assume that there are N rays incident upon the beam shaper. Then, the i th ray will have the radial coordinate r i at the input plane
where r max and r min are the maximum and minimum of the radial distances on the input plane.
Assume that a beam shaping merit function, , consists of two parts. The first part of the beam shaping merit function is labed by u r , which is the weighted sum of the absolute value of the differences between the exact theoretical ray intercept on the output plane and the ray intercept point with the assumed optics configuration under optimization. Then, u r is given by
where r ie is the exact theoretical interception point at the output plane of the incident ray, r ii and r i2 are the ray interception points of the optimized optics configuration at the output plane and the optical surface before the output plane, respectively.
The second part of the beam shaping merit function is labeled by u θ for the collimation of the output rays, which is given by
where γ i is the directional cosine of the i th incident ray at the output plane in the z-direction, i.e., along the optical axis. Then, the beam shaping merit function is given by
where w r and w θ are the weighting factors for each part of the beam shaping merit function. This merit function has been minimized during the optimization process for the design of laser beam shapers.
Optimization Methods Used in ZEMAX
The optimization methods in ZEMAX have been applied to the design of several laser beam shaping optical systems. These methods include the global optimization and the hammer optimization. The global optimization applies a combination of genetic algorithms(GA), conventional damped least square method, multistart,and some expert system heuristics to find the new design forms. This usually will find a good design form which is the starting system for the hammer optimization. The hammer optimization searches exhaustively for the optimum system. The optimum system is the system with the smallest merit function. Both methods will usually take a long time to run on desktop computers with typical run times lasting for many hours or several days to yield effective designs. The ZEMAX optimization programs are very useful. Even so, there is no guarantee that a global optimized system will eventually be found for optical configuration under study. For detailed description of the optimization methods in ZEMAX please refer to the ZEMAX manual.
RESULTS
In order to evaluate the performance of this optimization approach for design of laser beam shapers, it is necessary to first apply this design method to a beam shaper with known solutions to confirm that the new optimization methods leads to acceptable solutions. Then, the optimization methods can be applied to more complex beam shaping configurations where solutions are unknown. First, we seek to minimize the beam shaping merit function by the ZEMAX 22 optimization methods for design of a two plano-aspheric lens beam shaper, which transforms a rotationally symmetric Gaussian laser beam into a uniform irradiance output beam. Then, the beam shaping optimization method is used to design multi-element gradient index (GRIN) lenses.
Two Plano-aspheric Beam Shaper
The two plano-aspheric laser beam shaper has been studied extensively by Frieden, 5 Rhodes and Shealy, 6 Evans and Shealy, 17 Hoffnagle and Jefferson, 10 and others. Some studied the Galilean configuration of the pair of plano-aspheric lenses where the first element has negative power, and others studied the Keplerian configuration where the first element has positive power. Both configurations have been studied by the method described in Sect. 2 and results are presented in this section.
The aspherical lens surface is described by the even aspheric surface equation where z is the sag of the aspherical lens surface, r is the radial distance from the z-axis, c is the curvature of the aspherical lens surface, k is the conic constant and A 2j are the aspherical deformation coefficients.
The variables for applying ZEMAX 22 optimization methods are c, k, and A 2j . The beam shaping system will expand the input Gaussian profile beam of 8mm radius to an uniform profile output beam of 12mm radius. The lens material is chosen to be CaF 2 , with wavelength as 589nm, and the lens units is millimeters. The lens thickness is chosen to be 10mm for both lenses, and the separation for two lenses is 150mm, the distance from the last surface of the 2 nd lens to the output plane is 25mm for both designs. Figures 2 and 3 shows a cross-section of the 3D layout diagrams for the designed Galilean and Keplerian configurations of a two-lens systems beam shaper, respectively. Both figures show that the input put rays on an equally space grid have been redistributed to form a uniform irradiance of the output beam with good collimation along the optical axis. Typical x-scan and y-scan of relative illumination on the output plane for both type of designs is shown in Fig. 4 , which confirms that the input Gaussian beam has been transformed to a more uniform output beam in both x and y directions. Therefore, the laser beam shaping method described in Sect. 2 has been successively applied to the design of the two plano-aspheric lenses beam shaper as reported by others. Table 1 shows the system parameters of the designed Galilean and Keplilean type two lens reshaping optical systems using the beam shaping merit function and optimization procedures described in this paper. 
Multi-element GRIN Laser Beam Shaper
Now consider design of multi-element GRIN lens beam shaper by using the method described in Sect. 2. Assume that The radius of the input Gaussian beam is 4mm and that of the output beam is 12mm. The type of GRIN lens material is a variable, which is chosen by the ZEMAX optimization program from the GRADIUM GRIN lens of LightPath glass catalog. The other optimization variables are the thickness between surfaces, the radii of curvature of surfaces, the conic constant of the surfaces, and ∆z which is a variable in the equation of index of refraction of the GRADIUM GRIN lens of LightPath. There are 12 different cataloged GRADIUM GRIN lenses available from LightPath. The ZEMAX optimization program will choose different GRIM materials accordingly along with the other variables while minimizing the merit function . Initially, the conic constant of all the surfaces is set to zero. The spherical GRADIUM GRIN lenses are considered first. Figure 5 illustrates limitations of two spherical GRIN lenses to achieve good beam shaping results. It is clear from Fig. 5 that the optimization process was not able to achieve good collimation of output beam, and from the x-and y-scans of relative irradiance on the output plane, there is approximately a 10% variation in uniformity of irradiance over the output plane, or approximately twice as much variation as shown in Fig. 4 . The beam shaping performance is improved by allowing a lens surface to include a non-zero conic constant as optimization variables. Figure 6 shows a ray trace of a conic-spherical GRIN lens beam shaper located by this design process. The output beam profile for the lens system shown in Fig. 6 has similar relative irradiance uniformity plots as shown in Fig. 4 .
A number of multi-element (2, 3, and 4 elements) laser beam shaping systems have been optimized and analyzed by ZEMAX. These optimization of multi-element GRIN beam shapers requires long computing times, since for each different cataloged GRADIUM GRIN lenses used during an optimization, the corresponding gradient index of refraction must be evaluated as part of the ZEMAX optimization program.
The results obtained for 2 and 3 elements of aspherical cataloged GRADIUM GRIN lenses reshaping optical systems are represented in Figs. 7 and 8 . The relative relative illumination plots over the output planes for these beam shapers are similar to Fig. 4. Figures 7 and 8 show that the desired reshaping of Gaussian laser beam profile into the top-hat output beam profile has been obtained. Table 2 shows the system parameters of the designed two and three elements of cataloged GRADIUM GRIN lens reshaping optical systems. 
CONCLUSION
The conservation of energy within a bundle of rays has been applied to obtain a theoretical intercept with the output plane for a given incident ray position. This theoretical ray intercept with the output plane along with the constant optical path length condition of geometric optics have been used to define a beam shaping merit function. This beam shaping merit function has been used to design several configurations of 2-and 3-element GRIN laser beam shapers, which convert a single-mode Gaussian input beam into a flat-top output beam. The ZEMAX 22 global and hammer optimization programs have been used to minimize the laser beam shaping merit function for a two plano-aspheric beam shaper with known solutions and for several 2-and 3-element GRIN laser beam shapers with satisfactory performance as analyzed by ZEMAX optical design and analysis software. These examples have shown that the proposed optimization method is an effective way to design laser beam shaping systems when geometrical optics applies.
